suggests that cortical integration of first-order and higherpresent a GABAergic pathway, distinct from the nRT, order thalamic inputs is critical for cognitive functions. that exerts a powerful inhibitory effect selectively in Whether the characteristic layer V excitatory input in higher-order thalamic relays of the rat. Axons origihigher-order nuclei is paralleled by a distinct inhibitory nating in the anterior pretectal nucleus (APT) innercontrol is presently not known. Indeed, recent studies invated the proximal dendrites of relay cells via large dicated that inhibitory inputs to higher-order nuclei may GABAergic terminals with multiple release sites. 
tions that were confined to thalamus (n = 2) resulted in no axonal labeling in other thalamic nuclei.
First-order relays including ventral posterolateral, ventral posteromedial, dorsal lateral geniculate, ventral medial
The ultrastructure of APT thalamic terminals was examined in five animals (three BDA, two PHAL), and geniculate nuclei, and the anterior nuclear group were devoid of APT fibers. No APT fibers were found in the quantitative analysis of GABA content was performed in three of these animals (two BDA, one PHAL, n = 91). nRT. The APT-thalamic pathway was organized in a focal manner, suggesting a point-to-point rather than a The APT-thalamic terminals were large and elongated (long axis up to 5 m, short axis 1 m), and they estabdiffuse information transfer. Dorsal injections resulted in dense clusters of terminals in laterodorsal and lateral lished multiple release sites (up to ten, examined in serial sections) on the proximal dendrites of relay cells posterior nucleus, whereas more ventral injections labeled patches of terminals in the more ventral nucleus (Figures 2A and 2B ). Almost all boutons possessed multiple rows of punctum adhaerens-like specializaposterior ( Figures 1D-1F ). APT injections always labeled a dense intranuclear recurrent collateral system tions and were ensheathed by glial processes. Several GABAergic APT terminals were frequently clustered within the APT. Sectioning of the brain in the horizontal plane following BDA injection into the APT revealed along a single dendrite, each establishing multiple contacts, suggesting a powerful control of relay cell activity that many fibers from the APT to the thalamus ran mainly horizontally, facilitating the preparation of a pre-( Figures 2C and 2D ). Postembedding GABA reaction revealed that the majority (82%; n = 91) of the labeled tecto-thalamic slice in which intact connections between the two structures could be studied in vitro (see terminals were GABAergic (for details, see Table S1 in the Supplemental Data available with this article onbelow). Control injections caudally into the superior colliculus (n = 5) resulted in a different innervation pattern line). In summary, our tract-tracing experiments revealed a direct, focal, GABAergic APT-thalamic paththat was focused on intralaminar nuclei. Rostral injec- way that is strategically positioned to exert a strong To determine whether APT neurons formed monosynaptic connections with neurons of higher-order nuinhibitory action selectively on thalamic neurons of higher-order relays.
clei, the variation in response latency and the dependence of response amplitude on stimulation intensity was determined. Response latencies showed a narrow APT Control of Relay Cell Activity In Vitro unimodal distribution with a standard deviation <0.4 ms To physiologically characterize the synaptic contacts ( Figure 3C , analyzed in 39 to 272 successive sweeps from APT to higher-order nuclei, a horizontal in vitro from n = 6 cells). IPSC amplitude showed an all-or-none slice preparation was developed that maintained the behavior as a function of stimulation intensity, with an connections between the two areas. Slices were preabrupt appearance of the maximal response amplitude pared from young rats (%1 month old) injected in vivo following increments in stimulation currents of 10-20 with the anterograde tracer micro-ruby into the APT A ( Figure 3D ). This step-like intensity-response curve (see Experimental Procedures). The injection resulted was found in three out of the four connections tested, in a patch of anterogradely labeled terminals in higherindicating that, in these cases, single APT-thalamic fiorder nuclei similar to the adult animals ( Figure 3A 1 ).
bers were causing the observed functional effects. Whole-cell patch-clamp recordings were obtained from Taken together, both the stability in latency and the allcells located among the anterogradely labeled fibers or-none characteristics of the response size are indica-( Figure 3A 2 ). Thalamocortical cells had a resting memtive of a monosynaptic projection between APT and brane potential of −63.8 ± 1.7 mV (n = 13) and showed higher-order nuclei neurons. rebound burst discharges upon transient negative curGiven that APT neurons show a diverse pattern of rent injections. ongoing spontaneous action potential discharge (see Electrical stimulation (0.2 Hz, 300-900 A, 100 s) of below), it was important to determine how the strength the injection site located in the APT in slices bathed in of inhibition exerted on thalamocortical neurons deglutamate receptor antagonists (see Experimental Propended on prior activity. Here, the short-term plasticity cedures) evoked an outward current with an average of APT synapses was examined using dual extracellular amplitude of 66 ± 11 pA (n = 26, range 9-178 pA) ( Figure  stimulation within the APT at interstimulus intervals be-3A 3 ). This outward current was blocked completely and tween 10 and 5000 ms ( Figures 3E 1 and 3E 2 ). Stimulareversibly by the GABA A receptor antagonist bicucultion intensities were chosen such that the first pulse line (25 M) ( Figures 3B 1 and B 2 , 1.2% ± 1.0% of control yielded a maximal synaptic response and that no failamplitude, n = 7, p < 0.001), indicating that it was an ures were observed with the second pulse. In this way, IPSC mediated by activation of GABA A receptors. The alterations in the paired-pulse ratio could be attributed average response latency, measured from the peak of predominantly to modifications in synaptic transmisthe stimulus artifact to the onset of the response (Figsion . Under these conditions, each stimulus evoked a ure 3C, inset) was 2.9 ± 0.3 ms (n = 26, range 1.0-6.6 measurable IPSC, and the APT-thalamic pathway ms). The time for the response to rise from 10% to 90% was 1.07 ± 0.11 ms (n = 14).
showed a weak paired-pulse depression of <20% at in- Table S2 ).
Fast bursting neurons (n = 6) were characterized by high-frequency discharges of 4 to 16 action potentials during the slow oscillation, mixed with irregular single ure 5B 1 ). pletely prevented or attenuated ongoing action potenSlow rhythmic cells (n = 9) were characterized by a tial discharge (n = 3, Figures 4C and 4D) . Notably, in prominent slow (0.7-8 Hz, for details see Table S2 ) two cases, this effective control of neuronal discharge rhythmic activity, consisting of single spikes, doublets, was also observed in presumed single-fiber connecor bursts. Firing of all slow rhythmic cells was intimately tions. Thus, APT afferents, even single axons, can conrelated to the ongoing cortical slow oscillation, and all trol both burst and tonic modes of action potential disaction potentials were locked to the upstates of the charge of thalamic relay cells. EEG ( Figure 5C The above analysis strongly suggests that the principles of operation are different when comparing reticular versus extrareticular thalamic inhibition and that the extrareticular system represents a structurally and functionally novel component in thalamocortical systems. 
The Extrareticular System
Laboratories; 1:300) in TBS for 2 hr, then developed with DABNi.
We previously described a GABAergic projection from
Sections from animals injected with PHAL were first incubated with the zona incerta to higher-order thalamic nuclei that 
